Introduction
L-Ascorbic acid, known as vitamin C, is widely used in food systems because it is an essential nutrient for humans and also a natural antioxidant. However, L-ascorbic acid easily decomposes depending on many factors, e.g., oxygen partial pressure, pH, temperature, and the presence of heavy metal ions [1] . In addition to its decomposition, L-ascorbic acid also easily discolors during the storage of food products. The discoloration of L-ascorbic acid in the solid state has already been investigated [2] [3] [4] .
The susceptibility of L-ascorbic acid to discoloration has led to the interest in derivatives with an increased stability.
For example, derivatives of L-ascorbic acid, which were acylated with long-chain fatty acids, were synthesized [5, 6] . The acylation altered the highly hydrophilic behavior of L-ascorbic acid that improved its solubility and miscibility in a hydrophobic environment; for example, L-ascorbyl 6-palmitate is increasingly used as a preservative in edible oils or as an antioxidant in other foods.
Austria et al. [7] reported that L-ascorbyl 6-palmitate was more stable than L-ascorbic acid in their solutions. We also investigated the discoloration kinetics of L-ascorbyl 6-palmitate in the solid state with a water content of 2 to 10% (w/w) during storage at a temperature of 60 to 90 by dissolving it in water and monitoring the absorbance of the solution at 500 nm [8] . It was found that the acylation seemed to suppress the discoloration of the L-ascorbyl moiety.
The effect of the hydroxyl group modification at the C-2 position of the L-ascorbic acid on its discoloration is also of interest. For example, L-ascorbic acid 2-glucoside has been synthesized by enzymatic transglucosylation, and it showed a high stability in a neutral solution [9] . L-Ascorbic acid 2-glucoside also showed a higher stability toward oxidative stress and UV irradiation than L-ascorbic acid [10, 11] . L-Ascorbic acid 2-glucoside is widely used in skin care products and as a food additive [12, 13] . Kubota et al. [12] reported that L-ascorbic acid 2-glucoside can effectively inhibit the discoloration and/or odor of a composition and thus improving the storage stability of the composition.
However, the discoloration of the L-ascorbic acid 2-glucoside in its solid state has not been reported. Therefore, we measured the discoloration of the L-ascorbic acid 2-glucoside samples with various water contents to examine The disappearance and discoloration of L-ascorbic acid 2-glucoside powders with water contents of 2 to 12% (w/w) during storage at a temperature from 70 to 90 were investigated. The disappearance of L-ascorbic acid 2-glucoside with the higher water content proceeded faster at the higher temperature. The disappearance process was expressed by the Weibull equation. The change in the L-ascorbic acid was analyzed by assuming that both the hydrolysis and decomposition of L-ascorbic acid were expressed by first-order kinetics. A kinetic comparison of the overall disappearance by the hydrolysis indicated that the hydrolysis was not the sole route for the disappearance. The discoloration kinetics was also analyzed on the basis of the modified Weibull equation. It was shown that the enthalpy-entropy compensation held for all the processes involved in the overall disappearance of L-ascorbic acid 2-glucoside, its hydrolysis, the decomposition of L-ascorbic acid and the discoloration of L-ascorbic acid 2-glucoside. It was also demonstrated that the discoloration was suppressed by the glucosylation of L-ascorbic acid, but that L-ascorbic acid 2-glucoside was more easily discolored than L-ascorbyl 6-palmitate. Key words: L-Ascorbic acid 2-glucoside, disappearance kinetics, discoloration kinetics, water content whether or not the hydrophilic glucose moiety affects the discoloration. Because the hydrolysis of the glucoside would occur and affect the discoloration of the L-ascorbyl moiety, the degree of hydrolysis was also measured. The discoloration and hydrolysis were then kinetically analyzed.
Materials and Methods

Materials
L-Ascorbic acid 2-glucoside (purity, >99.9%) was purchased from Hayashibara Biochemical Laboratories 
Sample preparation
The stability of the L-ascorbic acid 2-glucoside powders was investigated with water contents from 2 to 12% (w/w). 
Analysis
The discoloration of the L-ascorbic acid 2-glucoside powders was monitored by dissolving 27 mg of the powders in 3 mL of distilled water and measuring the absorbance of the solution using a Shimadzu UV-1600 UV-visible spectrophotometer (Kyoto, Japan). The wavelength range from 300 to 600 nm was scanned at a sampling pitch of 2.0 nm. The optical path length was 1 cm.
The sample was also analyzed to determine the fraction of unchanged L-ascorbic acid 2-glucoside using a L-ascorbic acid 2-glucoside could not be expressed by the first-order kinetics for all the samples stored at any of the temperatures, we adopted the Weibull equation, which has the potential for describing many deterioration and degradation processes [14] :
where m AG and m AG, 0 are the amounts of L-ascorbic acid 2-glucoside at any time t and the initial one, respectively. (Fig. 2(b) ), the reaction order for the step was roughly assumed to be one. Therefore, we roughly adopted the first-order kinetics for both the hydrolysis of L-ascorbic acid 2-glucoside and the decomposition of L-ascorbic acid. Based on these assumptions, the transient changes in m AA /m AG, 0 are given by Eq. (4) [15]:
where k 2 /k 1 . The rate constants k 1 and k 2 were evaluated by best-fitting the experimental data using the Solver A comparison of the initial rate for the overall disappearance to that for the hydrolysis of L-ascorbic acid 2-glucoside to L-ascorbic acid and glucose would suggest whether or not the hydrolysis is the predominant route for the disappearance. However, the differential coefficient of Eq.
(1) in terms of the time t at t 0 is always zero, and we cannot know the initial rate for the overall disappearance of L-ascorbic acid 2-glucoside. Therefore, the rate con- 
Discoloration of the L-ascorbic acid
2-glucoside powders
The discoloration of the L-ascorbic acid 2-glucoside powders with a water content of 2 to 12% (w/w) during storage at a temperature of 60 to 90 was monitored by the absorbance at 500 nm of their aqueous solutions. Figure 6 shows the changes in the absorbance at 500 nm for the L-ascorbic acid 2-glucosides stored at various water contents and at 60 to 90 . The absorbance at 500 nm increased with the storage time at a higher rate for the higher storage temperature and also for the sample with the higher water content. For most of the samples, except for those with the higher water contents of 10 or 12% (w/ w) which became too stiff to be sampled in the late stage of the storage period, the absorbance at 500 nm reached a maximum, which depended on both the water content and the storage temperature. Therefore, the change with time of the discoloration of the L-ascorbic acid 2-glucoside powders was analyzed in the same way as described in our previous study [4] . The experimental data were analyzed based on the modified Weibull distribution of the following equation:
where A is the absorbance at time t, A max is the maximum absorbance, A 0 is the initial absorbance, which is equal to zero in this study, k c is the rate constant of discoloration, and n c is the shape constant. The kinetic parameters, A max , k c , and n c , were also evaluated by best-fitting the experimental data using the Solver of Microsoft Excel ® . The solid curves in Fig. 6 were drawn based on Eq. (5) The symbols are the same as in Fig. 1 (a) . discoloration (changes in the absorbance at 500 nm) of the solutions of the L-ascorbic acid 2-glucoside powders stored at 70 to 90 . There was a tendency that A max scarcely depended on the temperature, but that it was higher for the samples with the higher water contents.
The shape constant n c was also independent of the temperature and it was roughly 2.0 0.5 for all the samples.
The k c value depended on both the temperature and water content, and it was higher for the samples with the lower water content and at higher temperature. Figure 8 shows the absorbance at 500 nm for the L-ascorbic acid 2-glucoside stored at 70 , together with the absorbance for the L-ascorbic acid [4] and L-ascorbyl 6-palmitate [8] with similar molar ratio water contents.
Comparison in the discoloration
Discoloration of the L-ascorbic acid 2-glucoside proceeded slower and faster than the unmodified L-ascorbic acid and L-ascorbyl 6-palmitate, respectively. Therefore, the glucosylation of L-ascorbic acid was effective for suppressing the discoloration, but the effect was weaker than the acylation of L-ascorbic acid. This would be ascribed to the high solubility of the L-ascorbic acid 2-glucoside in water because L-ascorbic acid, which is produced through the hydrolysis of the L-ascorbic acid derivatives, easily undergoes the discoloration. 
